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Magnetotransport measurements on a high-mobility electron bilayer system formed in a wide 
GaAs quantum well reveal vanishing dissipative resistance under continuous microwave irradiation. 
Profound zero-resistance states (ZRS) appear even in the presence of additional intersubband scat- 
tering of electrons. We study the dependence of photoresistance on frequency, microwave power, and 
temperature. Experimental results are compared with a theory demonstrating that the conditions 
for absolute negative resistivity correlate with the appearance of ZRS. 

PACS numbers: 73.40.-c, 73.43.-f, 73.21.-b 
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Exposing two-dimensional electron systems (2DES) to 
a continuous microwave (MW) irradiation in the presence 
of perpendicular magnetic fields B has revealed notable 
"zero-resistance states" (ZRS) for samples with ultrahigh 
electron mobility and under high MW intensity [ll-Q. 
The longitudinal resistance Rxx vanishes in certain in- 
tervals of magnetic fields, whereas the Hall resistance re- 
mains unchanged, i.e., does not show plateaus. The ZRS 
phenomenon is closely related to the microwave-induced 
resistance oscillations (MIROs) Q which are governed 
by the ratio of the radiation frequency uj to the cyclotron 
frequency ujc = eB/m, where m is the effective mass of 
the electrons. If the electron mobility is high enough, an 
increase in MW power transforms the minima of these 
oscillations to intervals of zero resistance. 

In theory, the effect of microwaves on 2DES is de- 
scribed by two microscopic mechanisms. The "displace- 
ment" mechanism is based on spatial displacement of 
electrons along the applied dc field under scattering- 
assisted microwave absorption [^-Q , while the "inelastic" 
mechanism originates from an oscillatory contribution to 
the isotropic part of the electron distribution function 
B 3 J controlled by inelastic relaxation. Both mecha- 
nisms describe phase and periodicity of MIROs observed 
in experiments, but for low temperatures T the inelas- 
tic mechanism is the dominant one because the inelastic 
relaxation time Tin is large, Tin oc T~^. According to the- 
ory p-Q I both mechanisms can lead to negative dissipa- 
tive resistivity in the MIRO minima with increasing MW 
power. A direct consequence of negative resistivity (re- 
gardless of its microscopic mechanism) is the instability 
of homogeneous current fiow and spontaneous breaking 
of the sample into a pattern of domains [10| . The sim- 
plest domain structure of this kind is viewed as two do- 
mains with opposite directions of currents and Hall fields 
[7,, 10]. Each domain is characterized by zero dissipative 
resistance and classical Hall resistance. A change of the 
current in this regime is accommodated by a shift of the 



domain wall without any voltage drop, so the resistiv- 
becomes zero. More complicated domain structures 
and an alternative mechanism of ZRS, based on the 
MW stabilization of the edge-state transport [12| , have 
been proposed recently. Until now, all studies of ZRS are 
restricted to high-mobility single-layer 2D systems. 

Bilayer 2DES, where electrons occupy two closely 
spaced subbands, exhibit magneto-intersubband (MIS) 
oscillations of magnetoresistance caused by the periodic 
modulation of the probability of intersubband transi- 
tions by the magnetic field (see Ref. [1^ and references 
therein). In the presence of MW irradiation, the inter- 
ference of MIROs with MIS oscillations leads to a pecu- 
liar magnetoresistance picture with enhancement, sup- 
pression, or inversion (flip) of MIS peaks correlated with 
MW frequency. The photoresistance in bilayers [ij] can 
be described by the inelastic microscopic mechanism at 
low temperatures. Similar phenomena arise in multisub- 
band systems jl5| . However, there is neither experimen- 
tal nor theoretical evidence for MW-induced ZRS in sys- 
tems with more than one populated subband. This also 
raises the question of whether ZRS might be observable 
in quasi-3D systems. 

In this Letter, we present studies of magnetoresistance 
in a wide quantum well (WQW) exposed to MW irradi- 
ation. Owing to charge redistribution, WQWs with high 
electron density form a bilayer configuration, where the 
two wells near the interfaces are separated by an elec- 
trostatic potential barrier [16| . and two subbands ap- 
pear as a result of tunnel hybridization of 2D electron 
states. Without microwaves, the magnetoresistance of 
our system shows MIS oscillations, thereby confirming 
the existence of two occupied subbands. By applying 
microwaves, we have found that for different MW fre- 
quencies two of the MIS peaks, which are inverted with 
increasing MW power, evolve into ZRS. Calculations of 
photoresistance demonstrate that ZRS in our samples ap- 
pear under conditions for absolute negative resistivity, 



which suggests the origin of ZRS as a consequence of 
current instabihty. 

We have studied 45 nm wide WQWs with high electron 
density Hs ~ 9.1 x 10^^ cm"^, obtained from the periodic- 
ity of Shubnikov-de Haas (SdH) oscillations, and mobility 
^ ~ 1.9 X 10** cmVV s, at T = 1.4 K and after a brief il- 
lumination with a red light-emitting diode. The electrons 
occupy the two lowest subbands, and the corresponding 
wave functions, symmetric (S) and antisymmetric (AS), 
are presented in the inset of Fig. [TJ The subband sep- 
aration A ~ 1.40 meV is extracted from the periodic- 
ity of low-field MIS oscillations [ij] in agreement with 
theoretical calculations. The measurements were carried 
out in a cryostat with a variable temperature insert and 
a waveguide was employed to deliver linearly polarized 
MW radiation (frequency range 32.7170 GHz) down to 
the sample. A conventional lock-in technique was used 
to measure the longitudinal resistance R = Rxx- The 
samples have van der Pauw-geometry (3 mm x 3 mm), 
and the longitudinal resistance is found to be insensitive 
to the orientation of the microwave field. 

In Fig. [T] we present dark resistance and the obser- 
vation of a ZRS (marked with an arrow) for 143 GHz 
at a temperature of 1.4 K. Other MIS peaks, starting 
from B = 0.07 T, are either inverted or enhanced (since 
fvjj is close to A/2, approximately each second peak in 
the region above 0.13 T is inverted) but only the MIS 
peak at 0.27 T exhibits vanishing longitudinal resistance. 
The resistance without MW irradiation shows MIS oscil- 
lations which are superimposed on SdH oscillations for 
B > 0.25 T. The SdH oscillations are damped due to 
electron heating by microwaves |14l . |l5| . The minimum 
at 0.55 T and weak minima at 0.22 and 0.32 T are not 
attributed to MIS oscillations. They occur in the regions 
of transitions from inversed to enhanced MIS, also con- 
firmed by theoretical calculations. The theoretical plot 
(see details below) shows a negative resistance in the re- 
gion of experimentally observed ZRS. 

Figure [5] illustrates photoresistance in the frequency 
range from 149 GHz to 100 GHz with four chosen fre- 
quencies at 149, 128, 110, and 100 GHz (from top to 
bottom). We denote the ZRS at B = 0.2 T as peak (I) 
and the ZRS ai B ^ 0.27 T as peak (II). For ah four 
traces, we show the highest MW intensity (0 dB). As in 
Fig. [Ufor 143 GHz, we observe a ZRS for peak (II) at 149 
and 128 GHz. In contrast to / > 128 GHz, we find a ZRS 
for peak (I) at 110 and 100 GHz. Note that the deep min- 
ima of ZRS slightly shift to lower magnetic fields as MW 
frequency decreases (compare 149 with 128 GHz and 110 
with 100 GHz). Peak (I), which shows vanishing resis- 
tance for 100 and 110 GHz, is strongly enhanced with in- 
creasing frequency. The same effect occurs for peak (II), 
which exhibits ZRS for / > 128 GHz but is first enhanced 
for 110 GHz and strongly enhanced for 100 GHz. It is 
worth noting that other MIS oscillations aX B < 0.2 T 
also show enhancement or peak flip correlated with MW 
frequency but no ZRS. The amplitude of MIS peak at 
B ~ 0.4 T becomes smaller with decreasing frequency. 
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FIG. 1: (color online) Longitudinal resistance without (no 
MW) and under MW irradiation (143 GHz) at 1.4 K. The 
microwaves lead to enhancement, suppression, or inversion of 
the MIS peaks. The inverted MIS peak at 0.27 T exhibits 
vanishing resistance. These basic features are also seen in 
the theoretical plot. Inset: WQW with u; = 45 nm and corre- 
sponding symmetric (S) and asymmetric (AS) wave functions. 



The results in Fig. [2] demonstrate the striking difference 
of ZRS in our bilayer system compared to single-subband 
systems. In the single-subband systems, MIRO minima 
evolving into ZRS are placed at lu/lOc ~ J + 1/4 (j is inte- 
ger) and ZRS arc observed in a wide frequency range from 
7.5 [3 to 240 GHz [l^, while in bilayer systems ZRS de- 
velop from the strongest minima of combined MIS-MIRO 
oscillations and their location also depends on subband 
splitting. 

In Fig. [3] we present both power and temperature de- 
pendence of magnetoresistance at 143 GHz, when ZRS 
develops around 5=0.27 T with the largest width. In 
Fig. |3Ka) we show power dependence at 1.4 K start- 
ing from dB (highest intensity) to —10 dB, as well as 
the dark magnetoresistance (no MW). With decreasing 
MW power, the amplitudes of all enhanced and inverted 
MIS oscillations decrease while ZRS [peak (II)] first nar- 
rows and then disappears (at —4 dB) with decreasing 
MW power. The temperature dependence in Fig. ^h) 
is carried out at a fixed MW power (0 dB, as in Fig. [Ij, 
which corresponds to a MW electric fleld E^ ~ 4.2 V/cm. 
The effect of increasing temperature on the amplitudes 
of magnetoresistance oscillations is similar to the effect of 
decreasing power. The ZRS starts to narrow at T = 2.1 K 
and disappears at T ~ 2.5 K. 

Now we analyze power and temperature dependence 
of R{B)/R{0) for both MIS peaks transformed into ZRS. 
In Fig. Ill^a) the magnitudes of the enhanced peak (I) 
and of the inverted peak which evolves into the ZRS 
(II) are plotted as functions of MW power. For the 
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FIG. 2: (color online) Frequency-dependent photoresistance 
for 149, 128, 110, and 100 GHz exhibits ZRS for two inverted 
MIS peaks: (I) at 0.2 T and (II) at 0.27 T. Peak (II) is strongly 
enhanced for 100 GHz but becomes inverted and shows ZRS 
for 128 and 149 GHz, while peak (I) is enhanced for 149 GHz 
but shows ZRS for 110 and 100 GHz. Photoresistance traces 
are shifted up for clarity except for 100 GHz. 




enhanced peak (I) R^x shows a sublincar power depen- 
dence before saturation. For the inverted MIS peak (II), 
Rxx decreases very fast in a narrow power range. The 
amplitude of the inverted peak [i.e. 1 — R[B)/R{Q)] 
scales similar to peak (I). Concerning temperature de- 
pendence, we observe a strong decrease of R{B) / R{Q) 
in the low-temperature region, when approaching ZRS. 
Therefore, we have constructed an Arrhenius plot which 
is presented in Fig. |4i;b) for 143 GHz [ZRS for peak (II)] 
and 100 GHz [ZRS for peak (I)]. Applying the expression 
Rxx oc exp{—EzRs/T), we obtain the activation energy 
EzRS=^ Kjwhich is of the same order as in single-layer 
systems [iHs]. For higher T, we see a deviation from 
the activation dependence, in a similar fashion as in Ref. 
3. In the region where the resistivity is not very low 
[R{B)/R{0) > 0.2], the relative change of R{B)/R{0) 
with temperature can also be fitted by the dependence 
(X —T~^, for both inverted peaks. 

The origin of ZRS is conventionally described in terms 
of the formation of a domain structure when the resis- 
tivity becomes absolutely negative. To check whether 
a negative resistivity can be reached in our sample un- 
der MW excitation, we have calculated the magnetoresis- 
tancc based on both inelastic and displacement contribu- 
tions. Calculations reveal that the displacement mecha- 
nism becomes essential only for higher MW electric fields 
and it is justified to neglect its contribution to photore- 
sistance for our experimental conditions. In the regime 
of classically strong magnetic fields utcTtr ^ 1, where 
Ttr is the transport time, and under a valid condition 
ep ^ A/2, where ep = h^'rms/2ra is the Fermi energy 
(ep ~ 16.3 meV for our sample), the magnetoresistance 



FIG. 3: (color online) (a) Power dependence of magnetore- 
sistance at a constant temperature (1.4 K) and (b) tempera- 
ture dependence at a constant MW electric field (4.2 V/cm). 
With decreasing MW power, ZRS disappears at —4 dB and 
magnetoresistance for peak (II) approaches the dark value for 
— 10 dB. With increasing T, ZRS also narrows and disappears. 



of the balanced double-layer system is expressed as 
R{B) _ 



i?(0) 



de 



de ' '' 



(1) 



where /^ is the distribution function of electrons and V^ is 
the dimensionless (expressed in units of 2m/TTh?) density 
of states. The influence of microwaves on the distribution 
function is described by the kinetic equation [^, [l^ 
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where the generation term (left-hand side) accounts for 
single-photon absorption of electromagnetic waves, and 
the electron-electron collision integral (right-hand side) is 
written through the inelastic relaxation time ri„. Next, 
f^ is the Fcrmi-Dirac distribution with effective elec- 
tron temperature Tg due to heating of the electron gas 
by microwaves and P^^ oc E'^ is the dimensionless MW 
power. The density of states for a two-subband sys- 
tem has been calculated numerically by using the self- 
consistent Born approximation. The quantum lifetime 
Tq ~ 7.1 ps at 1.4 K {rtr/Tq ~ 10) is extracted from 
the amplitudes of MIS oscillations in dark magnetore- 
sistance measurements. The temperature dependence of 
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FIG. 4: (color online) Analysis of power and temperature de- 
pendence, (a) The normalized magnetoresistance for peak (I) 
and peak (II), together with relative amplitude of peak (II) for 
143 GHz at 1.4 K as a function of MW power. Peak (I) and the 
amplitude of peak (II) exhibit sublinear power dependence. 
The magnetoresistance for the inverted peak (II) strongly 
decreases with increasing MW power, (b) R{B)/R{0) for 
100 GHz [ZRS, peak (I)] and 143 GHz [ZRS, peak (II)]. The 
straight solid lines are fits to 7? oc exp{ — EzRs/T). The curves 
in (a) and (b) are theoretical plots. 



the inelastic relaxation time is taken in the usual form [8| 
fi/Tin = KnT^/ep; where Ai„ is a numerical constant of 
order unity. The electron temperature Tg, vifhich depends 
on MW power, frequency, and magnetic field, is deter- 
mined from the balance equation assuming energy relax- 
ation of electrons due to their interaction with acoustic 
phonons. 

The result of calculations based on Eqs. (l)-(2) for 
143 GHz and dB attenuation (corresponding MW elec- 
tric field Eui = 4.2 V/cm) with Ai„ ~ 0.5 is shown in 
Fig. [TJ The theoretical plot in Fig. [T] reproduces all 
experimentally observed features and shows the negative 
resistivity around B ~ 0.27 T [peak (II)]. The calcu- 
lations for 100 GHz excitation {E^i = 3.5 V/cm) also 
show the negative resistivity around _B = 0.2 T [peak 
(I)]. The power and temperature dependences of the re- 
sistance are in reasonable agreement with experiment; 



see Fig. |4l In particular, the disappearance of ZRS at 
—4 dB {E^ = 2.65 V/cm) shown in Fig. ^a) correlates 
with the results of theoretical calculations. 

The deviation of theory from experimental data 
is probably related to a limited applicability of the 
relaxation-time approximation [8| in Eq. (2) and to a 
neglect of confined magnetoplasmon effects on MW ab- 
sorption [l9|. Another source of deviation may be the 
assumption about homogeneous distribution of the MW 
field inside the sample and a neglect of the role of con- 
tacts or edges. Recently observed insensitivity of MIROs 
to the sense of circular polarization (20l . the absence of 
MIROs in contactless measurements 121| , and theoretical 
calculations of the MW field distribution in 2DES with 
metallic contacts [23] indicate the near-contact origin of 
the phenomena of MIRO and ZRS in high-mobility lay- 
ers. Since we have used linearly polarized microwaves 
and have not performed contactless measurements, we 
cannot definitely say whether a strong MW field gradi- 
ent near the contacts is important for photoresistance in 
our bilayers. The absence of clear knowledge about the 
specific nature of the near-contact oscillating contribu- 
tion to resistivity [22 does not allow us to discuss this 
problem in more detail, on the quantitative level. 

In conclusion, we have observed ZRS in a high-mobility 
bilayer electron system exposed to MW irradiation. The 
manifestation of ZRS in bilayers is distinct from the 
case of single-layer systems, due to a peculiar magneto- 
transport picture of a two-subband 2DES, where quan- 
tum magnetoresistance is modulated by MIS oscillations. 
Since the vanishing resistance develops for inverted MIS 
peaks, the ZRS intervals are narrow, and these states are 
very sensitive to MW frequency. We do not exclude the 
possibility that for samples with higher mobility two or 
more inverted MIS peaks could evolve into ZRS. The ob- 
served ZRS can be described as a consequence of current 
instability under absolute negative resistivity. By demon- 
strating experimentally that the ZRS phenomenon is not 
limited to single- layer 2DES, and, theoretically, that the 
presence of intersubband scattering in bilayers is not an 
obstacle for the negative resistivity, we suggest that simi- 
lar physical mechanisms might lead to ZRS in multilayer 
or quasi-3D electron systems. 

This work was supported by CNPq, FAFESF, and with 
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